Objective: To determine if left ventricular torsion, as measured by magnetic resonance tissue tagging, is afterload dependent in a canine isolated heart model in which neurohumoral responses are absent, and preload is constant. Methods In ten isolated, blood perfused, ejecting, canine hearts, three afterloads were studied, while keeping preload constant: low afterload, high afterload (stroke volume reduced by approx. 50% of low afterload), and isovolumic loading (infinite afterload). Results: There were significant effects of afterload on both torsion (P < 0.05) and circumferential shortening (P < 0.0005). Between low and high afterloads, at the anterior region of the endocardium only, where torsion was maximal, there was a significant reduction in torsion (15.1 * 2.2" to 7.8 f 1.8", P < 0.05). Between high afterload and isovohunic loading there was no significant change in torsion (7.8 f 1.8" to 6.2 f 1.5", P = NS). Circumferential shortening at the anterior endocardium was significantly reduced both between low and high afterload ( -0.19 f 0.02 to -0.11 f 0.02, P < 0.0005), and also between high afterload and isovolumic loading (-0.11 f 0.02 to 0.00 f 0.02, P < 0.05). Plots of strains with respect to end-systolic volume demonstrated a reduction in both torsion and shortening with afterload-induced increases in end-systolic volume. Torsion, but not circumferential shortening, persisted at isovolumic loading. Conclusiona: Maximal regional torsion of the left ventricle is afterload dependent. The afterload response of torsion appears related to the effects of afterload on end-systolic volume.
Introduction
During left ventricular ejection, rotation of the apex with respect to the base occurs. This deformation, termed torsion, is due to contraction of obliquely orientated tibres in the epicardium [l] , which course towards the apex in a counter-clockwise spiral. Counter-clockwise torsion has important functional consequences. It is transmitted through the entire wall, despite the fact that endocardial fibres spiral in the opposite (clockwise) direction. This results in extensive structural rearrangement of endocardial myocardium [2, 3] , and extensive thickening [3] . Furthermore, l Arts and coworkers have demonstrated [4, 5] that as a result of torsion, fibre shortening and fibre stress are constant through the ventricular wall. In diastole, the shearing forces built up during systole by epicardial and endocardial torsion result in rapid untwisting during isovolumic relaxation, which may contribute to the rapid ventricular filling of early diastole [6, 7] .
Torsion has been demonstrated with tine-radiography of beads implanted iu human transplant recipients at the time of surgery [l] , and with magnetic resonance (MR) tissue tagging, a method of non-invasively marking the myocardium [8] . Hansen inotropic interventions increase torsion [9.10], while during the early stages of acute allograft rejection there is a reduction in torsion [l 11. This finding was particularly interesting as the reduction in torsion during acute rejection was noted before any of the conventional measures of left ventricular function were affected. To determine whether torsion would be a useful method to serially evaluate left ventricular function, Hansen et al. subsequently studied the effects of load alteration. They demonstrated that by volume loading with intravenous fluids, and by pressure loading with methoxamine, there was no effect of load alteration on torsion. The authors thus suggested that torsion may be a relatively load insensitive measure of left ventricular function [lo] . Further analysis of a subgroup of the patients from the study of Hansen et al., quantifying twist (defined as the mean longitudinal gradient of torsion with respect to the long axis), also did not demonstrate any effects of methoxamine [12] . These findings were unexpected as torsion results from shortening of epicardial fibres, which would be expected to be load dependent.
However, to conclude that torsion is independent of loading requires further study in ex vivo models. The manipulation of load in human subjects is limited by compensatory mechanisms, which is illustrated by the observation in the study of Hansen et al. that neither alterations in preload or afterload significantly affected stroke volume or ejection fraction [ 101.
Thus, further studies with independent changes in preload and afterload, to an extent that produces changes in stroke volume, while free of neurohumoral responses, are required to further examine this interesting hypothesis. The isolated, blood perfused, ejecting canine heart preparation is a model which meets these requirements [ 131. The heart is completely removed from the chest, so is devoid of neurohumoral responses. Ejection is controlled by a computer programme using the three-element Windkessel model of arterial impedance, with which reproducible, independent changes in afterload can be achieved, within physiological ranges, or between the extremes of loading [14] . In this study MR tissue tagging was used with this model to determine non-destructively the effects of a range of afterloads on regional left ventricular strains, including torsion [8].
Methods

.I. Animal preparation
Ten isolated canine hearts were studied. The procedures to isolate and support a canine heart were similar to those described by Suga and Sagawa 1141. For each experiment, a mongrel support dog (mean weight 27.8 f 3.1 kg) and a mongrel donor dog (mean weight 20.2 f 1.6 kg) were both anaesthetised with 25-35 mg/kg of pentobarbitol sodium. Additional pentobarbitol sodium was administered during the study to achieve steady anaesthesia. Intravenous hepat-in ( 10000 units), hydrocortisone (250 mg), and indomethacin (25 mg), were administered to the support dog, which, was mechanically ventilated. The femoral arteries and veins of the larger support dog were cannulated and connected to a system of tubes, and a pump, through which oxygenated arterial blood, under pressure, was supplied to the isolated heart. The chest of the donor dog was opened, the heart removed, and perfused by the oxygenated blood from the support dog via a cammla tied into the left subclavian artery. The venous coronary flow drained into a receptacle, through a vent placed in the right ventricular apex, and via a second pump, was returned to the venous circulation of the support dog through the femoral veins. Any blood collecting in the left ventricle drained through a vent placed in the left ventricular apex. The left atrium was opened, and all the chordae tendineae were freed from the mitral valve leaflets. A plastic ring which holds the isolated heart onto the pump apparatus, was s,ewn to the mitral valve ring. The left ventricular pressure of the isolated heart was monitored by a fluid-filled catheter placed within the left ventricle which was connected to a Gould electronics pressure transducer. The perfusion pressure of the coronary arteries was monitored by a fluid-filled cannula tied into the aortic root, and the pump in the arterial part of the circulation was adjusted to maintain this pressure at 80 mmHg. The support dog's arterial pressure was continuously monitored, and serial arterial blood gases were taken, and any deficiencies in these were corrected accordingly. ECG leads, and pacing leads for atria1 pacing, were sewn onto the heart. To eliminate any possible effect of gravity on the magnitude and regional variation of the measured strains, the heart was placed on the pump apparatus at different orientations for each experiment. Thus, while the heart was always placed horizontally, the anterior region may face up or down.
Control of afterload
The heart, while in the center of the magnetic resonance imaging instrument, contracted against a water-filled balloon placed within the ventricle. This was on the end of a column of water (120 cm long), at the other end of which is a servo pump. A withdrawing motion of the pump's piston allowed the heart at the other end of the apparatus to eject (Fig. 1) . The pump, and thus ejection of the isolated heart, was controlled by computer simulation of a hydraulic analogue [ 15,161 of the three-element Windkessel model of arterial impedance as initially described by Sunagawa et al. [13] . A computer digitised the left ventricular pressure, and computed the instantaneous flow out of the ventricle according to the values of the three parameters that determine the impedance spectrum in this model: the characteristic impedance CR,), the peripheral arterial resistance CR,), and arterial compliance CC,). This flow signal then commanded the servo pump, which withdrew Fig. 1 . A diagrammatic representation of the system used to achieve controlled ejection of isolated canine hearts. The hydraulic analogue circuit consists of the left ventricular pressure (P,,), characteristic aortic impedance (R,), the arterial capacitance (C,), the peripheral resistance (R,), and venous pressure (P,,,,). The filling circuit consists of left atria1 pressure (Pu), and a filling resistance (Rr).
its piston, allowing ejection. This model has been demonstrated to provide a reasonable representation of input impedance spectra of real arterial systems [17] . By changing the three parameters of this model, afterload can be altered. The ventricle fills during diastole in response to a simple computer-simulated pre-loading circuit consisting of a pressure source (P,,) and filling resistance CR,) [13] . The isolated heart can also be constrained to contract isovolumically, the extreme of afterload.
Experimental protocol
During each experiment two to three different afterloads were studied, in random order. Within each experiment, end-diastolic volume (preload) was kept constant while afterload was changed (Fig. 2) . Any change in preload that occurred was corrected by adjusting the filling resistance of the computer-simulated pre-loading circuit. The three interventions were (1) low peripheral arterial resistance (1 mmHg . s . ml-' ), (2) high peripheral arterial resistance (8 mmHg * s . ml-' >, and (3) isovolumic contraction (infinite afterload) at the end-diastolic volumes of the ejecting series. The values for low and high afterload were selected based on the changes in stroke volume that they produced, such that stroke volume was reduced by approximately 50% from low to high afterload, a clinically relevant change. Values of the arterial compliance and characteristic impedance were kept constant at 0.1 ml/mmHg and 0.5 mmHg . s . ml-'. Stability of the intervention was determined by the left ventricular pressure at the beginning and end of an acquisition of a full set of images. Data were excluded if there was any change in left ventricular pressure of > 10%. This criterion, and poor image quality, were the only criteria used to exclude data.
2.1.4. Magnetic resonance imaging and tissue tagging MR images were acquired using a Resonex RX4000, 0.38 tesla, resistive iron core magnet. A receiver/transmitter radiofrequency coil surrounded the heart, allowing enhanced image resolution and signal-to-noise ratios [18] . A spin-echo pulse sequence with time to echo (TE) of 30 ms, and time to repeat (TR) of every two RR cycles was used. Four short axis images were acquired at 0.8 to 1.0 cm apart, selected to cover the left ventricle from base to apex. Tags were created by radiofrequency saturation of thin planes orthogonal to the short axis at end-diastole. On each short axis slice, 4 radially spaced tags (transecting the myocardium at 8 locations), intersecting at the center of the left ventricle, were placed at 45" apart ( Fig. 3) . When acquiring long axis images, the imaging and tagging planes used in the short axis images were interchanged, so that 4 long axis images were obtained at 45" apart, each with 4 transverse tags in the planes previously used to obtain short axis images. Images were acquired at 4 time points. In the ejecting series the 4 time points were at (1) end-diastole (defined as the maximum volume in the isolated heart), (2) peak left ventricular pressure, (3) 80 to 100 ms after peak pressure, and (4) end-ejection (minimum volume). In the isovolumic series, images were acquired at (1) end-diastole, (2) peak pressure, (3) 100 ms after peak pressure, and (4) 200 ms after peak pressure. Torsion was calculated at end-ejection for the ejecting series, and at peak left ventricular pressure for the isovolumic series. The tag intersection points at the endocardium and epicardium were digit&d yielding a set of 8 endocardial and 8 epicardial points per short and long axis slice, using a technique as previously described in detail [7] . 2.1.6.1. Torsion angle. This measurement describes the rotation between base and apex that develops during systole, as described by Buchalter et al. [8] . Two short axis slices were compared, the base and the apical slice. Only end-systolic images were compared, to eliminate rigid body rotation, and to include within the calculation the basal rotation at end-systole which is in the opposite direction to apical rotation. Within each slice, individually for the epicardium and endocardium, the centroid of the 8 tag locations was determined, and the slope of each of these points to the centroid was calculated, and expressed as angles. Torsion was defined as the difference at end-systole in the position of a basal tag point and the corresponding tag point on a succeeding slice expressed as an angle of rotation. Because there was no difference in the relative positions of these two points at end-diastole, the tags being inserted as a plane in both slices simultaneously, this angle represents the rotation of one point with respect to the other point. Increasing angle (positive sign) indicates counterclockwise rotation of the apex when viewed looking towards the base (Fig. 4). 2.1.6.3. Angular circumferential-longitudinal shear (Shear CL). As angular rotation is directly proportional to radius, it is necessary to take this into account when comparing torsion at different cavity volumes, as occurs when afterloads are varied. Shear CL is defined as the difference between the systolic position of an apical tag point and the equivalent tag point on the basal slice as expressed as an angle of which the vertex is the tag point on the basal slice, as previously described by Arts et al. [5] , and Buchalter et al. [8] . This angle thus takes into account both radial and longitudinal effects of ejection on torsion, and is calculated according to the formula [8] (Fig. 4) : ShearCL = tan-'(2r sin( t/2)/h) where r = radius, t = torsion angle, h = distance between basal and apical slices.
The radius was calculated from the area of the endocardium or epicardium obtained from a computer&d contouring system, and h was determined by the distance from the basal tag on long axis images at end-systole.
2.1.7. 'Three-dimensional reconstruction of tagged data 2.1.6.2. 7'wi.w. From base to apex, torsion increases in a
The endocardial and epicardial tag intersection points counterclockwise direction. The gradient of torsion from from short and long axis images were combined to yield base to apex is dependent on the torsion angle as calcuthree-dimensional coordinates, using an algorithm as delated above, and also the changes in length between the scribed by Moore et al. [19] , and Azhari et al. [20] . Thus, base and lower slices that occur during systole. For each of from the combined short and long axis images, 8 tag points the 4 short axis slices, torsion angle (as calculated above) at the epicardium, and 8 tag points from the endocardium, Finite strain analysis, as originally described by Waldman et al. [2] , and identical to the method adapted for MR tagged data by Azhari et al. [20] , was applied to the endocardial and epicardial faces of the cuboids. Each cuboid was divided into 4 triangles, and transformed into a regional coordinate system. Strain analysis calculated the circumferential strain, defined as the deformation at endsystole along the tangential direction in the short axis plane with reference to end-diastole, and the longitudinal strain, similarly defined, but in the long axis plane. Subsequently, the principal strain was calculated, defined as the magnitude and direction of the maximal shortening. The direction of the principal strain was expressed as an angle with respect to the circumferential direction, and is a dimensionless number. A negative sign for strain values indicates shortening.
Thickening
Thickening was calculated using a 3-D volume element method as described and validated by Beyar et al. [21] , and Lima et al. [22] . Thickness of a cuboid at a given time point was defined as the volume of the cuboid divided by the average surface area of the epicardium and endocardium. The volume of the cuboid was calculated by dividing the cuboid into a series of pyramids, and the endocardial and epicardial surface areas were calculated by dividing these into triangles.
JO. Global left ventricular function
Instantaneous left ventricular volume was read on the computer from the input signal determined by the position of the piston on the servo pump. Stroke volume, end-diastolic volume, and ejection fraction (end-diastolic volume -end-systoiic volume/end-systolic volume) were recorded from this signal.
.I 1. Data analysis
Initially the values from the anterior 4 tags and the posterior 4 tags were averaged. Analysis was focused on the anterior region which was the only area where appreciable values of torsion were demonstrated, which is similar to the method used by Hansen et al. [lo] . To allow comparison with the other strains quantified, twist and shear CL were also averaged from the anterior 4 tags and the finite strains and thickening were taken from the anterior 12 cuboids formed by the 3D reconstruction.
Repeated measures analysis of variance was used to determine the effects of afterload on each of the measured strains. Subsequently, the effects of afterload measured between the low and high afterload, and between the high and isovolumic afterloads were determined using Dunnett's multiple comparison procedure. Haemodynamic variables, such as stroke volume and end-diastolic volume were compared between interventions by paired t-tests. All results are given as mean f s.e.m.
These experiments were carried out according to the guiding principles of the institution, and conform with the 'Guide for the care and use of laboratory animals' published by the US National Institutes of Health (NIH publication no. 85-23, revised 1985).
Results
.I. Rotational deformations
At the endocardium, torsion and the derived strains twist and shear CL, were maximal at the anterior region (all P < 0.005, anterior vs posterior, Table 1 ). At the epicardium, where values were much lower (Table 2), the differences between anterior and posterior regions were less (P = 0.06, anterior vs posterior for torsion; P = NS for twist and shear CL).
Anterior endocardial torsion, and twist, were both significantly affected by the loading interventions (both P < 0.05). Between low and high afterloads, there was a significant reduction in torsion from 15.1 f 2.2" to 7.8 f 1.8" (P < 0.05), and twist from 6.0 f 0.9"/cm to 3.1 f 0.8'/cm (P < 0.05). Between high and isovolumic loading, there was no significant change in torsion (7.8 f 1.8 to 6.2 f 1.5", P = NS), and twist (3.1 f 0.8"/cm to 2.3 f 0.6"/cm, P = NS).
Anterior and posterior endocardial shear CL, and pasterior endocardial torsion and posterior endocardial twist were not significantly affected by afterload. While these strains are too low to see statistical differences using our Torsion ("1 Ant. 151~2.2 7.8& 1.8 l 6.2rt 1.5 < 0.05 Post. 4.0 f 1.9 1.81t2.4
1.5f 1.2 NS Twist("/cm) Ant. 6.OkO.9 3.1*0.8' 2.3kO.6 < 0.05 Post. 1.7*0.7 1.1 f0.7 0.7f0.5 NS Shear CL ("1 Ant. 4.5 kO. methods, anterior endocardial shear CL trended towards significance (P = 0.08), and these values were consistent with the significant effects of afterload on anterior endocardial torsion and twist (Table 1) . No significant effects on epicardial rotational deformations were seen (Table 2) .
Finite strains and thickening
For comparison with torsion, finite strains and thickening were analysed from the anterior endocardium, the only area of the myocardium at which appreciable levels of torsion were detected. Anterior endocardial circumferential, longitudinal, principal strains, and transmural thickening were all significantly affected by the loading interventions (all P < 0.011, and these are presented in detail in Table 3 . Unlike torsion, circumferential shortening was significantly reduced between the high and isovolumic afterload, as well as between the low and high afterload.
To determine if the responses of the measured strains are related to the effects of afterload on end-systolic volume, strains are plotted against end-systolic volume (Fig. 5) . As th e s tr ains are quantified in several different units, the afterload response is calculated in terms of percentage with respect to the low afterload. The low afterload is thus 100% for all strains. Mean end-systolic volume at each afterload is on the horizontal axis (without X axis standard errors to aid clarity). As afterload and end-systolic volume are closely related in this preparation, afterload is included as a second X axis on the top of the graph. Only experiments with 3 interventions are included Table 3 The effects of afterload on anterior endocardial strains and tmnsmural thickening (mean f s.e.m.)
Endocardium A&load indicate the significance of the differences between low and high afterloads. Asterisks in the 'Isovolumic' column correspond to the significance of differences between high afterload and isovolumic loading ( l P < 0.05. * * P < 0.001, l l * P < 0.0005). PS = principal strains; PS angle = principal strain angle (degrees with respect to short axis).
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(n = 6). This graph demonstrates that the reduction in rotational and other strains with increasing afterload is related to the increased end-systolic volume. However, there are substantial differences in the magnitude of the strains at isovolumic loading, as circumferential shortening and thickening strains are reduced to a much greater extent than the rotational strains. Note that the principal strain (magnitude of maximal shortening) exhibits a very similar response to the rotational strains, which is consistent with the fact that principal strain includes rotational deformation in its magnitude [20] . Also, the different methods used to calculate rotational deformation, to account for the geometric effects of higher end-systolic volume, do not appear to influence the relationship to end-systolic volume. Anterior epicardial strains were smaller than those at the endocardium, and the effects of afterload were only of borderline significance for longitudinal shortening and the principal strain (P = 0.06, and 0.08 respectively, Table 4 ).
Haemodynamic variables at the various afterloads are described in Table 5 . As end-diastolic volumes were not necessarily constant from one experiment to another (though were constant within each experiment), and there were different numbers of interventions at each afterload, this accounts for the non-significant differences in the mean values of end-diastolic volumes between the 3 afterloads (Table 5) . 
Discussion
This study was undertaken to determine the effects of afterload on regional left ventricular torsion using a model in which afterload and preload are controlled independently. Contrary to previous studies, the results demonstrate that maximal regional torsion [lo] , and the derived strain twist [12] , are dependent on afterload. The afterload responses of these strains appear related to the effects of afterload on end-systolic volume.
The major effect of afterload in the isolated heart preparation is to increase the end-systolic volume, without affecting the end-diastolic volume (preload). Similarities between this study and others which study volume changes over the cardiac cycle can thus be drawn [6, 12] . Using implanted beads in canine studies, Beyar et al. have studied torsion and related this to volume changes (as estimated by radial shortening) during ejection [6] . They demonstrated that torsion is linearly related to volume during ejection. As in the study of Beyar et al. [6] , the present study also suggests that torsion increases as endsystolic volume is reduced. Moon et al. have also shown that twist of the human left ventricle is linearly related to volume during systole [12] .
The results of this study are also consistent with a recent study from Gibbons Kroeker et al. [23] . They studied the effects of afterload on rotational deformation in the canine model using a novel apical optical device which measures torsion at the apical epicardium. They showed, as in the present study, that twist was affected by afterload, though this was primarily an effect of load on end-systolic volume. The present study further extends the findings of Gibbons Kroeker et al. [23] , by measuring total left ventricular torsion rather than solely apical torsion, by demonstrating the marked regional heterogeneity of the afterload response, and by contrasting the different response to afterload exhibited by rotational strains in comparison with circumferential shortening and thickening.
Our study, and the study of Gibbons Kroeker et al. [23] appear to differ in conclusion from the study of Hansen et al. [lo] . Those investigators evaluated humans in whom radio-opaque beads had been inserted at the time of cardiac transplantation. No effect of saline-induced preload changes, and methoxamine-induced afterload changes on torsion was found. It was suggested that torsion might be a load-independent measure of the inotropic state. However, altered wedge pressure and blood pressure in Hansen's patients did not change ejection fraction, probably due to mixed preload and afterload effects, and other compensatory mechanisms in these intact human subjects. In contrast marked changes in end-systolic volume and ejection fraction were produced in the present study. Our results therefore compliment those of Hansen et al.; load changes without contractility changes do effect torsion, but this is through their effects on ventricular volumes.
Since torsion is caused by shortening of counterclock- 
Advantages and limitations of model
This study involved a novel combination of 2 accepted research techniques: MR tagging has been used to quantify deformation [25] and the isolated, blood perfused, ejecting canine heart model has been used to vary load [13] . MR tagging has a number of advantages. Strains at both the epicardium and endocardium can be sampled at multiple locations throughout the left ventricle [3, 20] . The considerable regional variations in the magnitude of torsion emphasise the importance of sampling throughout the left ventricle, which is not possible with implanted radio-opaque markers [1,2,6], or with optical measures of apical twist [23] . MR tags are nondestructive, unlike implanted beads, which may reduce regional perfusion by 25% under acute conditions, and cause the formation of scar around the markers in chronic models [26] , which might affect regional function. By acquiring tagged images in 2 orthogonal planes, strains in 3 dimensions can be quantified [19, 20] , taking into consideration the effects of long axis shortening [27] .
The isolated heart model was used for these experiments, since neurohumoral responses to changes in afterload are absent. Furthermore, using this preparation, changes in afterload can be achieved over a wide range, while end-diastolic volume is held constant (Figs. 2 and 3 ). In the intact circulation an increase in preload would oppose the effects of increased afterload on stroke volume [28] , reducing the effectiveness of this intervention. However, the isolated heart model has some non-physiologic aspects which include the fact that the mitral ring is fixed and the chordae tendineae are severed, which could theoretically effect torsion of the left ventricle. However, we have found that the magnitude and regional variations of torsion and other strains described with this model are very similar to those found in closed-chest non-invasive canine studies [20, 29] . For example, Rademakers et al. measured shear CL in normal closed-chest dogs, and demonstrated that shear CL was 4.9 f 1.1" at the anterior region and 1.6 f 0.6" posteriorly [29] . This compares very closely with values of 4.5 f 0.6" anteriorly and 1.2 f 1 .O" posteriorly at the low afterload in the present study. Azhari et al.
non-invasively measured principal strains in the normal, closed-chest canine heart [20] . They demonstrated that the endocardial principal strain was -0.23 at the anterior region, with a principal strain direction of 29". This also compares closely with values of -0.25 f 0.02 and 18 f 5" at the low afterload in the present study. Thus, these data support the applicability of the isolated, ejecting, canine heart in the quantification of regional strains.
In conclusion we have demonstrated in the isolated, ejecting, blood perfused, canine heart that maximal regional torsion of the left ventricle is afterload dependent. The afterload response of torsion appears related to the effects of afterload on end-systolic volume. The use of this model with MR tagging allows study of the behaviour of regional strains under highly controlled conditions.
